1. Introduction {#sec1}
===============

The emergence and re-emergence of infectious diseases are primarily caused by the ability of bacteria to withstand the antibiotics. Indeed, bacteria have developed sophisticated means to counteract the actions of antibiotics \[[@bib1]\]. The implication of the quorum sensing in the establishment of resistance mechanisms by linking the interactions between bacteria is a recently deciphered mode of regulation. In addition, bacteria are the main cause of food deterioration in the food industry. The deterioration of food causes damage to the health of consumers and/or industry. Moreover, due to the toxicological side effects of synthetic antibacterial products and the problems associated with their biodegradation, efforts have been made recently to find effective alternatives to the pharmaceutical and food industries \[[@bib2]\].

Essential oils are natural molecules of complex mixture that possess several chemical structures synthesized by aromatic plants as secondary metabolites \[[@bib1]\]. The role of these essential oil molecules in plants is mainly related to the process of defense against pathogenic microorganisms. Essential oils have been found to have a variety of applications, particularly in the cosmetic and food industries and as a source of drugs \[[@bib2],[@bib3]\]. *In vitro* and *in vivo* studies have shown that essential oils and their active compounds possess several biological effects such as antimicrobial, antioxidant, antitumor and anti-inflammatory properties \[[@bib2], [@bib3], [@bib4], [@bib5]\].

*Origanum compactum* Benth. (*O. compactum*) is an aromatic and medicinal plant known in Morocco by its vernacular names "Zaatar" and "Sahtar". This species has long been used in the Moroccan pharmacopeia for its multiple medicinal virtues. Indeed, the aerial parts of *O. compactum* are used by the Moroccan population to fight against pulmonary and gastrointestinal infections \[[@bib6],[@bib7]\]. Moreover, leaves and stems are used against the pathologies of the digestive system, heart diseases, inflammation, hypertension and diabetes \[[@bib8], [@bib9], [@bib10]\]. Several studies have shown that *O. compactum* essential oils are rich in terpenic compounds of aromatic classes such as carvacrol, thymol, γ-terpinene and p-cymene \[[@bib11], [@bib12], [@bib13]\]. However, this composition is much more affected by genetic determinism, environmental factors \[[@bib14]\] and phenological stages of the plant \[[@bib15]\].

*In vitro* studies showed the biological activities of *O. compactum* essential oils, particularly the antibacterial activity \[[@bib11],[@bib12]\]. The antibacterial action of *O. compactum* essential oils was carried out by Bouhdid et al. \[[@bib16]\] in a previous work against *Pseudomonas aeruginosa* and *Staphylococcus aureus*. In this study, *O. compactum* essential oils were altered at physiological and structural levels, which led to the death of bacterial cells \[[@bib16]\]. However, the study could not correlate action targets and active compounds of *O. compactum* essential oils. Certainly, the mechanism of antibacterial action of the essential oils and their derivatives is attributed to the ability of the phenolic compounds to cross the cell membrane and consequently disturb its integrity. However, they can also deregulate the communication system between bacteria, thus causing them to lose their ability to coordinate the interactions between themselves and their environment in order to survive \[[@bib17]\].

In a previous study, we evaluated the antibacterial, antileishmanial and antioxidant activities of *O. compactum* essential oils collected from the province of Ouezzane (North-West of Morocco) at the three developmental stages \[[@bib15]\]. The results obtained were remarkably encouraging, particularly with regard to the antibacterial activity. Indeed, *O. compactum* essential oils tested at three phenological stages showed bacteriostatic and bactericidal effects at very low concentrations, especially against *E. coli* and *B. subtilis*. In order to understand the mechanisms leading to the death of these two bacteria, *O. compactum* essential oils collected at different phenological stages were tested. We also examined the action of *O. compactum* essential oils on dynamic kinetics, membrane permeability, membrane integrity and quorum sensing suppression phenotype of *B. subtilis* and *E. coli*.

2. Materials and methods {#sec2}
========================

2.1. Plant material and essential oils extraction {#sec2.1}
-------------------------------------------------

The aerial parts of *O. compactum* used in this study were collected at three phenological stages (vegetative stage (VS), flowering stage (FS) and post-flowering stage (PFS)) from the North-West of Morocco. *O. compactum* essential oils were extracted by hydrodistillation method using Clevenger-type apparatus. The obtained oils were dried by anhydrous sodium sulfate, weighed and stored at 4 °C until use. The chemical composition of *O. compactum* essential oils was determined in our previous study using GC-MS analysis \[[@bib15]\].

2.2. Bacterial strains and growth conditions {#sec2.2}
--------------------------------------------

*Escherichia coli* K12 (Laboratory of Food Microbiology, UCL, Belgium: MBLA) and *Bacillus subtilis* 6633 (German Collection of Microorganisms: DSM) were chosen to evaluate the antibacterial activity of *O. compactum* essential oils. Strains were maintained on an inclined agar medium at 4 °C. Before use, the bacteria were revived by two subcultures in an appropriate culture medium: Lysogeny broth (LB) (Biokar Diagnostics, Beauvais, France) at 37 °C for 18--24 h. For the test, final inoculums concentrations of 10^6^ CFU/mL bacteria were used according to the National Committee for Clinical Laboratory Standards, USA (NCCLS 1999).

2.3. Analysis of antibacterial activity {#sec2.3}
---------------------------------------

### 2.3.1. Agar-well diffusion assay {#sec2.3.1}

In order to estimate the bacteriostatic activity of *O. compactum* essential oils, the growth inhibition zone of germs around wells was measured. 6 mL of LB medium in superfusion containing 0.8% agar was inoculated by a fresh culture of indicator bacterial strain (a final concentration was 10^6^ CFU/mL). After solidification, the wells were filled with 50 μL of *O. compactum* essential oils. After incubation at the appropriate temperature for 24 h, all plates were examined for any zone of growth inhibition, and the diameter of these zones was measured in millimeters \[[@bib15]\]. All the tests were performed in triplicates.

### 2.3.2. Minimal inhibitory concentration (MIC) {#sec2.3.2}

MICs were determined using the broth micro-dilution assay as described by Bouyahya et al. \[[@bib15]\]. Agar at 0.15% (w/v) was used as a stabilizer of the extract-water mixture and resazurin as a bacterial growth indicator. 50 μL of bacteriological agar (0.15%, w/v) was distributed from the 2nd to the 8th well of a 96-well polypropylene microtitre plate. The dilutions of *O. compactum* essential oils were prepared in Mueller Hinton Broth supplemented with bacteriological agar (0.15%, w/v) to reach a final concentration of 2%; 100 μL of these suspensions were added to the first test well of each microtitre line, and then 50 μL of scalar dilution was transferred from the 2nd to the 8th well. The 8th well was considered as growth control because no essential oil was added. We then added 50 μL of a bacterial suspension to each well at a final concentration of approximately 10^6^ CFU/mL. The final concentration of the essential oil was between 1% and 0.015% (v/v). Plates were incubated at 37 °C for 18 h. After incubation, 10 μL of resazurin was added to each well to assess bacterial growth. After further incubation at 37 °C for 2 h, the MIC was determined as the lowest essential oils concentration that prevented a change in resazurin color. Bacterial growth was detected by a reduction in blue dye resazurin to pink resorufin. A control was carried out to ensure that at the concentrations tested, the essential oils did not cause a color change in the resazurin. Experiments were performed in triplicates.

### 2.3.3. Determination of minimal bactericidal concentration (MBC) {#sec2.3.3}

MBC, corresponding to the lowest concentration of the essential oil yielding negative subcultures after incubation at the appropriate temperature for 24 h, was determined in broth dilution tests by sub-culturing 10 μL from negative wells on plate count agar medium. All the tests were performed in triplicates \[[@bib15]\].

2.4. Mechanisms of antibacterial action {#sec2.4}
---------------------------------------

### 2.4.1. Antibacterial kinetics assay {#sec2.4.1}

The growth curve assay was used to investigate the bactericidal effects of the essential oil. Bacteria were treated with the essential oil at MIC, 2×MIC, MIC/2, and the control containing only DMSO (1%). Then the bacteria were cultivated at 37 °C for 0, 2, 4, 6, 8, 10, 12, and 24 h, respectively. At selected time intervals, the measure of the optical density of supernatants was determined by UV--Vis spectrophotometer. All measurements were carried out in triplicate. Through the assay above, the growth curve of *E. coli and B. subtilis* was ordered, the time as the horizontal axis (0 h--24 h), and the OD~600\ nm~ of the supernatant as the vertical axis \[[@bib18]\].

### 2.4.2. Cell membrane integrity {#sec2.4.2}

#### 2.4.2.1. Leakage of DNA and RNA through the bacterial membrane {#sec2.4.2.1}

The integrity of the cell membrane could be monitored by the release of cytoplasmic constituents of the cell \[[@bib19]\]. The experiments were designed as follows: the bacteria were incubated at 37 °C for 12 h. Logarithmic growth phase cells of bacteria were treated with the essential oil at MIC, 2×MIC and MIC/2 value except for the control. Then the samples were incubated at 37 °C for 24 h. The samples were then immediately centrifuged (10,000 *g*) for 5 min at 4 °C. To determine the amounts of the DNA and RNA released from the cytoplasm, the supernatant was used to measure the optical density at 260 nm.

#### 2.4.2.2. Leakage of proteins through the bacterial membrane {#sec2.4.2.2}

The cell integrity was examined by determining the release of proteins into the supernatant. The concentrations of proteins in supernatants were determined by the Bradford\'s method \[[@bib20]\]. Logarithmic growth phase was estimated for bacteria cells treated with the essential oil at MIC, 2×MIC and MIC/2 except the control, during an incubation period of 24 h at 37 °C. Bacteria were separated by centrifugation (10,000 g) for 5 min at 4 °C, and the concentrations of cytoplasmic proteins were determined in the supernatant by measuring the optical density at 595 nm.

### 2.4.3. Permeability of cell membrane {#sec2.4.3}

The membrane permeability assay was monitored by neighboring nitrobenzene beta-[d]{.smallcaps}-galactose glucoside (ONPG) (Ryon) as described by Li et al. \[[@bib21]\]. Briefly, bacteria suspension was diluted to 10^7^ CFU/mL. Then ONPG (25 mmol/mL) and *O. compactum* essential oils were added to the suspension, the final concentrations of essential oils were MIC, 2×MIC and MIC/2. Physiological saline was used as a control. The inoculated suspension was incubated at 37 °C and samples were collected at 0, 1, 2, 4 and 8 h, respectively. The absorbance of sample supernatant was measured by spectrophotometer at 420 nm.

### 2.4.4. Anti-quorum sensing activity {#sec2.4.4}

Anti-quorum sensing activity of *O. compactum* essential oils was carried out by the measure of biofilm inhibition (the major phenotype of quorum sensing). The biofilm formation assay was performed in 96-well polystyrene plates as previously reported by several studies \[[@bib22],[@bib23]\]. An overnight culture of *E. coli* and *B. subtilis* was diluted with Luria-Bertani broth and grown for another 4 h. After addition of different concentrations of *O. compactum* essential oils (MIC, 2×MIC, and MIC/2), 100 μL aliquots (10^7^ CFU/mL) of culture were inoculated into the wells of the microtiter dishes and incubated for 24 h at 37 °C. Thereafter, we removed the medium and added 100 μL crystal violet 1% (w/v), dissolved in 95% ethanol, to each well. Following staining at room temperature for 20 min, the dye was removed and the wells were washed thoroughly with sterile water. For quantification of attached cells, the bound crystal violet was solubilized in dimethyl sulfoxide (DMSO) and the absorbance was determined at 570 nm to quantify total biofilms formation. The well without essential oils was considered as the negative control for the biofilm inhibition \[[@bib24],[@bib25]\].

2.5. Statistical analysis {#sec2.5}
-------------------------

The statistical analysis was performed by a one-way analysis of variance (ANOVA). We considered that the difference is significant for *p* ≤ 0.05. The experiments were carried out for three replicates and the results are expressed as mean ± SD.

3. Results {#sec3}
==========

3.1. Chemical composition {#sec3.1}
-------------------------

The chemical composition of essential oils of *O. compactum* at three phenological stages is summarized in [Table 1](#tbl1){ref-type="table"}. As listed, essential oils of *O. compactum* are rich oxygenated and hydrocarbons monoterpenes. Moreover, the main compounds of essential oils of *O. compactum* are carvacrol, thymol, *p*-cymene and γ-terpinene. However, the percentage yield of these main compounds changed from one stage of development to another. Indeed, the percentage of carvacrol and thymol (two main oxygenated monoterpenes) was 24.71% and 15.32% respectively at vegetative stage. Interestingly, a higher percentage of carvacrol (43.584%) than thymol (10.33%) was noted at the flowering stage. However, this percentage was reversed at the post-flowering stage (38.01% of thymol and 6.39% of carvacrol) ([Table 1](#tbl1){ref-type="table"}).Table 1Chemical composition of essential oils of *Origanum compactum* aerial parts collected at three phenological stages \[[@bib15]\].Table 1CompoundsPercentage of compoundsVegetativeFloweringPost-floweringα-Thujene1.350.870.65α -Pinene0.880.680.591-Octen-3-ol0.660.701.403-Octanone0.660.691.39β-Myrcene2.031.211.07α -Terpinene2.200.610.51*P*-Cymene17.8118.5819.24[d]{.smallcaps}-Limonene0.520.390.411,8-Cineole1.260.340.13γ-Terpinene17.418.717.11Linalool1.751.941.96Terpinen-4-ol0.780.781.10α-Terpineol2.893.257.35Thymol15.3210.3338.01Carvacrol24.7143.586.39β-Caryophyllene1.900.600.43Caryophyllene oxide1.072.292.82

3.2. Antibacterial effect, MIC and MBC {#sec3.2}
--------------------------------------

Essential oils of *O. compactum* at three phenological stages (vegetative, flowering and post-flowering) were tested for their antibacterial activity in our previous study \[[@bib15]\]. The results showed an interesting antibacterial activity ([Table 2](#tbl2){ref-type="table"}). The diameter of inhibition values showed that the essential oils of *O. compactum* had a broader spectrum of antibacterial inhibition than those proved by chloramphenicol and streptomycin used as positive controls. The MIC and MBC values ranged between 0.5% and 0.031% (v/v). The essential oils of *O. compactum* at vegetative and flowering stages had the similar MIC and MBC values against *E. coli* and *B. subtilis*, whereas the essential oils of *O. compactum* at post-flowering stage showed the lowest MIC and MBC values.Table 2Antibacterial activity of *O. compactum* essential oils at three phenological stages.Table 2StrainsVegetative stageFlowering stagePost-flowering stageErythromycinChloramphenicolDiameter (mm)MICMBCDiameter (mm)MICMBCDiameter (mm)MICMBCDiameter (mm)MICMBCDiameter (mm)MICMBC*B. subtilis*26 ± 0.90^b^0.50.529 ± 1.16^b^0.6250.62531 ± 0.86^c^0.0310.031na81617 ± 0.25^a^88*E. coli*19 ± 0.58^a^0.250.2531 ± 0.91^c^0.0620.06226 ± 0.73^b^0.250.2521 ± 2.66^a^163233 ± 0.5^c^832[^1][^2][^3][^4][^5]

3.3. Antibacterial mechanisms {#sec3.3}
-----------------------------

### 3.3.1. Antibacterial kinetics of essential oils {#sec3.3.1}

Essential oils of *O. compactum* were tested against the kinetics of bacterial growth of *E. coli* and *B. subtilis*. The growth curves of *E. coli* and *B. subtilis* affected by the essential oils of *O. compactum* are presented in [Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}, respectively. As summarized, essential oils of *O. compactum* proved the reduction in the bacterial growth of *E. coli* and *B. subtilis*, with all used concentrations. For *E. coli*, essential oils of *O. compactum* at flowering stage ([Fig. 1](#fig1){ref-type="fig"}B) showed significant inhibition on kinetic growth of *E. coli* when treated with 2×MIC, MIC and MIC/2. This oil affects the growth of bacteria at different phases. For *B. subtilis*, the best inhibition of bacterial growth was obtained significantly with essential oils of *O. compactum* at post-flowering stage ([Fig. 2](#fig2){ref-type="fig"}C).Fig. 1The growth curves of *E. coli* affected by the essential oil of *O. compactum* collected at the vegetative stage (A), the flowering stage (B) and the post-flowering stage (C). Data are expressed as mean ± SD (*n* = 3).Fig. 1Fig. 2The growth curves of *B. subtilis* affected by the essential oil of *O. compactum* collected at the vegetative stage (A), the flowering stage (B) and the post-flowering stage (C). Data are expressed as mean ± SD (*n* = 3).Fig. 2

### 3.3.2. Cell membrane integrity {#sec3.3.2}

#### 3.3.2.1. Leakage of DNA and RNA {#sec3.3.2.1}

The leakage of the genetic materials through the bacterial membrane was used to reveal the action of *O. compactum* essential oils on the integrity of the membrane. The disruption of the membrane was determined by the measurement of cell constituents release (i.e. DNA and RNA) by assessing the absorbance at 260 nm in the supernatant of bacterial culture treated with essential oils of *O. compactum* at three phenological stages. The results, summarized in [Fig. 3](#fig3){ref-type="fig"}, indicated that for bacteria exposed to *O. compactum* essential oils at three phenological stages, the cell constituent\'s release (DNA and RNA) increased significantly in an essential oil concentration-dependent manner.Fig. 3Release of genetic material (DNA and RNA) from *E. coli* (A) and *B. subtilis* (B) treated with the essential oils of *O. compactum* collected at three phenological stages: VS (vegetative stage), FS (flowering stage) and PFS (post-flowering stage) measured at 260 nm. The results are expressed as the absorbance of the sample (treated) -- the absorbance of the control (no treated). Data are expressed as mean ± SD (*n* = 3). Values not sharing a common singe (\*, \*\*, \*\*\*) differ significantly at *p* \< 0.05.Fig. 3

Essential oils of *O. compactum* at the flowering and vegetative stages induced important release of genetic materials from *E. coli* ([Fig. 3](#fig3){ref-type="fig"}A). The OD~260~ values of supernatant from *E. coli* treated with essential oils of *O. compactum* at MIC/2 concentration were 0.25 ± 0.02, 0.17 ± 0.01, and 0.11 ± 0.01 for vegetative, flowering and post-flowering stages, respectively. After the treatment by MIC concentration, the genetic material release is more interestingly. At a high concentration (2×MIC) essential oils of *O. compactum* induced important leakages of DNA and RNA from *E. coli* with OD values of 0.67 ± 0.02, 0.79 ± 0.03 and 0.57 ± 0.01, respectively, at the vegetative, flowering, and post-flowering stages. At the post-flowering and vegetative stages essential oils of *O. compactum* induced the best leakages of DNA and RNA from *B. subtilis* ([Fig. 3](#fig3){ref-type="fig"}B). The leakage of DNA and RNA from *B. subtilis* treated with various concentrations (2×MIC, MIC, and MIC/2) of essential oils of *O. compactum* at three phenological stages also showed an increase in genetic materials leakage in a concentration-dependent manner.

#### 3.3.2.2. Leakage of proteins through the bacterial membrane {#sec3.3.2.2}

As shown in [Fig. 4](#fig4){ref-type="fig"}, essential oils of *O. compactum* at three phenological stages could enhance the leakage of proteins through the membrane of *E. coli* and *B. subtilis*. For *E. coli*, essential oils of *O. compactum* at flowering and vegetative stages were the most actives ([Fig. 4](#fig4){ref-type="fig"}A). Indeed, the leakage amount of proteins from *E. coli* treated with essential oils of *O. compactum* at the flowering stage was 5.47 ± 0.21 μg/mL (2×MIC), 3.16 ± 23 μg/mL (MIC) and 2.62 ± 0.14 μg/mL (MIC/2), respectively. In contrast the leakage amount of proteins from *E. coli* treated with *O. compactum* essential oils at the vegetative stage were 5.05 ± 0.3 μg/mL (2×MIC), 3.07 ± 0.29 μg/mL (MIC) and 2.57 ± 0.22 μg/mL (MIC/2), respectively. These leakage amounts of proteins from *E. coli* treated were higher than those (0.53 ± 0.2 μg/mL) from *E. coli* without treatment (control) ([Fig. 4](#fig4){ref-type="fig"}A).Fig. 4Leakage of proteins from *E. coli* (A) and *B. subtilis* (B) treated with the essential oil of *O. compactum* collected at three phenological stages: VS (vegetative stage), FS (flowering stage) and PFS (post-flowering stage). The results are expressed as the absorbance of the sample (treated) -- the absorbance of the control (no treated). Data are expressed as mean ± SD (*n* = 3). Values not sharing a common singe (\*, \*\*, \*\*\*) differ significantly at *p* \< 0.05.Fig. 4

Therefore, the cells of *B. subtilis* importantly released proteins before its exposure to the essential oil of *O. compactum* at the post-flowering and vegetative stages ([Fig. 4](#fig4){ref-type="fig"}B). Indeed, the leakage amount of proteins from *B. subtilis* treated with *O. compactum* essential oils at the post-flowering stage was 5.25 ± 0.23 μg/mL (2×MIC), 4.39 ± 0.15 μg/mL (MIC) and 3.02 ± 0.14 μg/mL (MIC/2), respectively. In contrast, the leakage amount of proteins from *B. subtilis* treated with the essential oils of *O. compactum* at vegetative stage was 4.45 ± 0.22 μg/mL (2×MIC), 3.87 ± 0.28 μg/mL (MIC) and 2.56 ± 0.18 μg/mL (MIC/2), respectively.

These leakage amounts of proteins from *B. subtilis* treated were higher than that (0.83 ± 0.19 μg/mL) from *B. subtilis* without treatment (control). Moreover, the leakage of proteins from *E. coli* and *B. subtilis* cells either treated with essential oils of *O. compactum* increased in a concentration-dependent manner.

### 3.3.3. Permeability of cell membrane {#sec3.3.3}

Further antibacterial mode of action of the essential oils of *O. compactum* at three phenological stages against *E. coli* and *B. subtilis* was confirmed using the assay of cell membrane permeability. The membrane permeability of bacteria was measured by the ONP subtract. The obtained results of the effects of essential oils of *O. compactum* against membrane permeability are summarized in [Fig. 5](#fig5){ref-type="fig"} and [Fig. 6](#fig6){ref-type="fig"}. As indicated, the results showed that when treated with essential oils of *O. compactum* at 2×MIC and MIC, absorbance values of ONP in treated bacteria increased directly and they also increased with increased time of exposure and concentration of essential oils of *O. compactum*. It means that the permeability of *E. coli and B. subtilis* membrane would be increased, which caused the leakage of intracellular ingredients.Fig. 5The OD~420\ nm~ values of ONP measured after the action of the essential oil of *O. compactum* collected at the vegetative stage (A), the flowering stage (B) and the post-flowering stage (C) against *E. coli.* Data are expressed as mean ± SD (*n* = 3).Fig. 5Fig. 6The OD~420\ nm~ values of ONP measured after the action of the essential oil of *O. compactum* collected at the vegetative stage (A), the flowering stage (B) and the post-flowering stage (C) against *B. subtilis.* Data are expressed as mean ± SD (*n* = 3).Fig. 6

### 3.3.4. Anti-quorum sensing activity {#sec3.3.4}

The anti-quorum sensing effects of *O. compactum* essential oils against *E. coli* and *B. subtilis* were measured by evaluating their capacity to inhibit the initial bacteria cell attachment (biofilm inhibition). Results of inhibition of bacteria attachment by *O. compactum* essential oils at three concentrations (2×MIC, MIC and MIC/2) are presented in [Fig. 7](#fig7){ref-type="fig"}. As summarized, the essential oil of *O. compactum* at the vegetative and post-flowering stages seemed to inhibit (98.32% and 87.48% inhibition activity respectively) bacteria cell attachment of *B. subtilis* at 2×MIC, while the percentage of biofilm formation by the essential oil of *O. compactum* at the flowering stage was moderate ([Fig. 7](#fig7){ref-type="fig"}B). *E. coli* was more resistant than *B. subtilis* as observed and proved by lower percentage inhibition values. The inhibition percentages of biofilm formation for *E. coli* were obtained at 2×MIC concentration of the essential oil of *O. compactum* at the vegetative (34.06%) and post-flowering stages (37.94%) ([Fig. 7](#fig7){ref-type="fig"}A).Fig. 7Inhibition of biofilm formation in *E. coli* (A) and *B. subtilis* (B) by the essential oils of *O. compactum* collected at three phenological stages and control (erythromycin and chloramphenicol). Data are expressed as mean ± SD (*n* = 3).Fig. 7

4. Discussion {#sec4}
=============

Bacteria have a particular growth period characterized by an important phase: exponential phase. The time required to reach this phase depends on the micro-organism and culture medium \[[@bib26],[@bib27]\]. To reveal the ability of essential oils of *O. compactum* to lower the growth rate at the exponential level, we studied their action at different time points in order to show the rate of growth reduction.

The study of bacterial inhibition through growth kinetics is a very useful indication of the level of antibacterial action of the tested product. This gives important suggestions on the bacterial recalcitrance with respect to a product according to its phase of growth. Indeed, the action of antibacterial agents should be evaluated on the phase of exponential growth, phase for which the bacteria have a maximum growth rate, thus revealing the *in vivo* life state of the bacterium under the conditions of pathology.

In our work, essential oils showed significant effects on the kinetics of bacterial growth of *B. subtilis* and *E. coli*. Indeed, at sub-inhibitory concentrations (2×MIC), *O. compactum* essential oils inhibited the total growth (bactericidal action) of *B. subtilis* and *E. coli*. This result thus confirmed the bactericidal effect at MIC values. This action was recorded even in the exponential phase, which demonstrates the high bactericidal power of these tested oils. The decrease in cell viability of the tested strains indicates growth blockage accompanied by cell lysis. Other studies have revealed an important inhibition of the growth kinetics of *E. coli* and *B. subtilis* by *O. compactum* essential oils \[[@bib16]\].

The cell membrane of bacteria is a barrier of selective permeability which organizes exchanges between the intra and extracellular environment by providing an intracellular environment suitable for the various vital processes. Moreover, the loss of this phenotype is often identified as an indicator of cell death \[[@bib28]\]. Moreover, the bacterial cytoplasmic membrane provides a permeability barrier to the access of small ions such as K^+^, Na^+^, and H^+^, which are essential to facilitate cell membrane functions, maintain enzyme activity and keep the normal metabolism \[[@bib29]\]. The impermeability to small ions is sustained and managed by the structure and chemical compositions of its membrane. Maintenance of ion homeostasis is of great importance to maintain the energy status of the cell, as it is significant to energy relevant processes such as solute transport, control of metabolism, management of pressure and motility \[[@bib30]\]. Hence, even relatively minor variations of the structure of membranes can adversely affect cell metabolism and result in bacteria death \[[@bib31]\].

Several techniques are used to evaluate the membrane permeability \[[@bib16]\]. In our study, we opted for the use of the β-[d]{.smallcaps}-galactose glucoside (ONPG) method. The penetration of this substrate indicated that bacteria lose their capacity to control molecule penetration. The results indicated that essential oils of *O. compactum* increased the membrane permeability of two tested strains, particularly for *B. subtilis*. The recalcitrance of gram-positive bacteria is related to the nature of the complex cell wall that prevents the penetration of antimicrobial agents \[[@bib1]\]. Moreover, the loss of permeability is remarkably obtained with the essential oil of *O. compactum* at the flowering stage (rich in carvacrol) and vegetative stage (rich in carvacrol and thymol) compared with at post-flowering stage (very rich in thymol) \[[@bib15]\]. This clearly shows the ability of carvacrol to cross the cell membrane, and the property that was long suggested by several works \[[@bib32], [@bib33], [@bib34]\].

Generally, essential oils and their constituents are characterized by a high hydrophobicity, which enables them to partition in the lipids of the bacterial cell membrane and mitochondria, disturbing the structures and rendering them more permeable \[[@bib35]\]. Leakage of ions and other cell contents can then occur \[[@bib30],[@bib36]\]. These results may be attributed to the carvacrol and thymol. Indeed, other studies showed that the antimicrobial effect of thymol and carvacrol is attributed to the perturbation of the lipid fraction of the bacterial membrane, resulting in the increase of membrane permeability \[[@bib37]\].

The integrity of the cytoplasmic membrane is a critical factor to bacteria growth. Researchers have reported that the evaluation of cell leakage markers including absorbance at 260 nm for nucleic acid and the determination of proteins are indicators of membrane integrity \[[@bib38]\]. Nucleic acids and proteins provide major structural functions and they are also involved in the transfer of cellular information in bacteria \[[@bib39]\].

The present study indicated that the essential oil of *O. compactum* at flowering stage (rich in carvacrol) could act on the cytoplasmic membrane of *E. coli*, thus affecting the integrity of cytoplasmic membrane, while the cell membrane of *B. subtilis* was strongly affected by the essential oil of *O. compactum* at post-flowering stage (rich in thymol). Therefore, essential oil of *O. compactum* at three phenological stages reduced the content of cellular DNA, RNA and proteins by permeating and disrupting cell membrane integrity.

The results indicated that the irreversible damage to the cytoplasmic membranes might occur, which leads to the loss of cell constituents such as nucleic acid and proteins, and even cell death ([Fig. 8](#fig8){ref-type="fig"}). Moreover, our results are in concordance with other studies that have proved that the damage of cytoplasmic membranes of bacteria treated by essential oils leads to the loss of large molecules (DNA and RNA) and some proteins \[[@bib29],[@bib40]\].Fig. 8Possible antibacterial mechanisms of the essential oil of *O. compactum* against *E. coli*. The essential oils increased the membrane permeability that induced a disturbance in the membrane integrity justified by the release of cytoplasmic materials such as nucleic acids and proteins. In the end, the loss of membrane integrity led to cell lysis justified by the fall of bacterial growth dynamics.Fig. 8

However, it should be noted that essential oil of *O. compactum* at vegetative and flowering stages causes a greater loss of membrane integrity of *E. coli*, while the essential oil of *O. compactum* at post-flowering stage shows to be more bactericidal against *B. subtilis*. This result depends, certainly, on the major active compounds present in each essential oil. In a previous work, Xu et al. \[[@bib32]\] showed that carvacrol induced a bactericidal action against *E. coli*. The mechanism associated with this action has been related to the perturbation of the potential of the membrane follows to a loss of its permeability. Other studies have also shown the antibacterial mechanisms of carvacrol against several bacteria including *E. coli* \[[@bib41],[@bib42]\]. The carvacrol inhibited the efflux pump and down-regulated some gene expressions. On the other hand, the antibacterial action could be attributed to other molecules participating in the antibacterial effect \[[@bib1]\].

In addition to their activities on the cell membrane, the essential oils may affect higher levels of regulation in bacteria. Indeed, bacteria coordinate their pathogenesis by communicating with each other through a communication system called quorum sensing. This system triggers certain specific phenotypes such as the formation of biofilms \[[@bib17]\]. We have thus studied the action of essential oils of *O. compactum* against the quorum sensing by inhibiting the biofilm formation using the violet crystal as an indicator. Indeed, the attachment of the bacteria to each other and to the neighboring surfaces requires the formation of the biofilms. Biofilm is, therefore, an associative network of a bacterial community whose expression and functioning are governed by the quorum sensing \[[@bib17]\].

To reveal the action of *O. compactum* essential oils against quorum sensing, their ability to inhibit the biofilm formation was tested. The essential oils of *O. compactum* inhibited the biofilm formation of *E. subtilis* more importantly than those of *E. coli*. In addition, the essential oil of *O. compactum* at post-flowering stage (rich in thymol) showed a very important anti-biofilm action, in particular its almost total inhibition against *B. subtilis* with sub-inhibitory concentrations.

The inhibition of quorum sensing in *B. subtilis* indicates the presence of cells that have maintained the membrane integrity but have lost the ability to form colonies due to lack of communication between them. Therefore, *B. subtilis* underwent cell lysis after a minimal maintenance state, which led to lysis of the cells after a long period incubation ([Fig. 9](#fig9){ref-type="fig"}). This result suggests that thymol (the main compounds of the essential oils of *O. compactum* at the post-flowering stage) has an anti-biofilm action against *B. subtilis*. Indeed, Raein et al. \[[@bib43]\] showed that thymol and carvacrol strongly inhibited the biofilm formation of bacilli. In addition, thymol demonstrated anti-biofilm effects related to the inhibition of quorum sensing of other bacteria such as *Salmonella enteric* \[[@bib44],[@bib45]\].Fig. 9Possible antibacterial mechanisms of the essential oil of *O. compactum* against *B. subtilis.* (A) The essential oil inhibited the bacterial growth of *B. subtilis* by the inhibition of some intercellular communication pathways (oligopeptide of quorum sensing) justified by the inhibition of biofilm formation. The inhibited cells are maintained in a state of minimum viability. During this period, the cells remain isolated without any ability to divide (inhibition of their growth). (B) The inhibition of *B. subtilis* growth led to its lysis after some time, which leaked cytoplasmic materials such as nucleic acids and proteins.Fig. 9

Recently, several studies have focused on anti-quorum sensing effects of essential oils \[[@bib46], [@bib47], [@bib48]\]. Indeed, the quorum sensing regulates several functions, in particular, this implication in biofilm formation, resistance to antibiotics and pathogenicity. The inhibition of biofilm formation by essential oils is certainly attributed to bioactive molecules that have specific target on quorum sensing signaling pathways \[[@bib17]\]. Thus, essential oils and their active compounds could inhibit signaling pathways of the quorum sensing that are implicated of biofilm formation \[[@bib49],[@bib50]\].

5. Conclusion {#sec5}
=============

The trend of using essential oils as natural antimicrobial agents is, therefore, gradually becoming an attractive approach in the field of drug discovery and food preservation. The current research has explored the use of *O. compactum* essential oils as a natural antibacterial agent and gave insights into its mode of action on *E. coli* and *B. subtilis* as representatives of Gram-positive and Gram-negative bacteria. The essential oils of *O. compactum* exhibited significant antibacterial activity against *E. coli* and *B. subtilis*. The mechanism of action against *E. coli* may be due to the irreversible damage caused by *O. compactum* essential oils on the cell wall and membrane, leading to the leakage of proteins and genetic materials (DNA and RNA). However, the mechanism of action of essential oils of *O. compactum* against *B. subtilis* seems to be related to the quorum sensing deregulation. However, because the essential oils of *O. compactum* have many kinds of chemical constituents, it seems impossible that there is only one antibacterial mechanism or that only one component is responsible for the antibacterial activity. Therefore, further research such as separating the new chemical compounds, *in vivo* antibacterial activity and transmission electron microscopy is necessary to fully investigate the antibacterial mechanism of *O. compactum* essential oils against *E. coli* and *B. subtilis.*
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[^1]: Values in the same row not sharing a common letter (a-b-c) differ significantly at *p* \< 0.05.

[^2]: Final bacterial density was around 10^6^ CFU/mL.

[^3]: Diameter of inhibition zone including well diameter of 6 mm, by the agar-well diffusion method at a concentration of 50 μL of oil/well.

[^4]: MIC: Minimum inhibitory concentration (% (v/v)).

[^5]: MBC: Minimum bactericidal concentration (% (v/v)).
